INTRODUCTION
Microbial adhesion to surfaces is the onset of the development of a biofilm. Biofilm formation occurs on all surfaces exposed to an aqueous environment, such as an implanted biomaterial or tooth surface in the human body, rocks in rivers, pipelines in water works or on ship hulls. The rate of adhesion is determined by the number of microorganisms transported to a substratum surface through mass transport processes, like convection, diffusion or sedimentation (18, 32) . In relatively stagnant environments, such as the oral cavity or at implanted biomaterial surfaces, convective mass transport, i.e. transport through liquid flow of suspended organisms, only plays a minor role and sedimentation and diffusion are the main means of mass transport. However, on ship hulls, in rivers or in water works, convective mass transport of suspended microorganisms is the major mechanism that controls the rate of microbial adhesion. Usually, increased fluid flow towards or parallel to a substratum surface results in faster adhesion of microorganisms due to higher mass transport, despite the presence of higher fluid shear stresses stimulating their detachment (8) . However, when fluid flow exceeds a critical limit, resulting wall shear stresses may become high enough to prevent adhesion (21, 25) . For instance, in aqueous solutions wall shear rates of 6000-8000 s -1 were sufficient to prevent adhesion of Pseudomonas fluorescens to stainless steel, while wall shear rates of 12000 s -1 could remove attached cells. Furthermore, turbulent flow as opposed to a laminar regime is known to affect biofilm architecture (36, 38) . Which flow regime is present in the situation under investigation is expressed by the Reynolds number Re, Re > 1400 are frequently considered representative for turbulent flow.
The awareness of the importance of hydrodynamic conditions in microbial adhesion to surfaces has encouraged the design of different types of flow chambers by various research groups over the world. All chambers have been designed to possess a large surface on which the hydrodynamic conditions remain constant for a wide range of shear rates. In general, inand outlet conditions and flow chamber geometry dictate the length required for the flow to become stable and laminar (27) . So it is important that all designs are evaluated for establishment of the desired laminar flow conditions at the surface of observation. The parallel plate flow chamber (PPFC) is the most used design (2, 4, 7, (11) (12) (13) 16, 17, 20, 24, 30, 34) , evidently because it is conceptually simple. It can be used in combination with a broad range of materials, like glass, silicone rubber and dental enamel; even metals can be studied when the appropriate microscopic technique is used (31). where transitions are more edged.
Considering the increasing use of flow chambers in microbial adhesion research, it is important to critically evaluate the different PPFC's used in microbial adhesion studies on the size of the area where the velocity profile is established under a range of flow rates, so that it can be used for valid observation.
MATERIALS AND METHODS
Flow chambers. The four flow chambers evaluated are described in Table 1 The hydrodynamic force exerted by the flow on an adhering organism is determined by the velocity profile near the wall. This force is proportional to the increase in fluid velocity from the surface (where fluid velocity is zero), which is known as shear rate [s -1 ] . Shear rates can be calculated from velocity profiles determined either with particle image velocimetry or numerical simulation using σ = (du/dh) [2] in which u [m s -1 ] is the velocity in the direction of the main flow and h [m] is directed perpendicular to the substratum surface in a flow chamber. When laminar flow is well established the theoretical shear rate in a PPFC at the bottom plate is given by (9)
The hydrodynamic force per unit surface area exposed to a flow is defined as the shear stress
, which follows from multiplying the shear rate with the absolute viscosity of the fluid involved (19) 
The shear stress should be constant over the area where adhesion is studied. By analyzing the velocity profile under relevant shear rates, this can be checked. The actual shear rates occurring in various environments where microbial adhesion occurs, are hard to estimate reliably, but are important in order to work under the most relevant conditions as presented in Table 2 , which is a summary of environmental shear rates, as taken from the literature. The area of the PPFC where a constant velocity profile is present for these ranges of shear rates represents the quality of that flow chamber. Numerical simulation of velocity profiles by finite element modelling. The inner geometry of each flow chamber shown in Table 1 The simulations resulted in three-dimensional velocity profiles, that were used to determine the position in the flow chamber where the velocity profile becomes stable and thus is established. First, three perpendicular paths were drawn through the center of the PPFC in the direction of its length, width and height and the velocity profile in each direction was plotted.
The velocity profile was assumed to be stable and established when:
the velocity changes over the length direction do not change more than 1% the velocities in height and width direction are less than 1% of the velocity in the length direction.
The useful surface area of a PPFC is determined by the length, height and width, over which flow is stable and established.
Validation of numerical simulation by particle image velocimetry. A Leica TCS SP2
confocal scanning laser microscope (CSLM) was used for particle image velocimetry.
Fluorescent polystyrene microspheres (density at 20°C, 1.055 g cm -3 , excitation wavelength 580 nm; emission wavelength 607 nm; diameter 0.97 µm; Molecular Probes, Eugene, Oreg.)
were suspended in demineralized water to a final concentration of 1 × 10 7 per ml (22, 26, 29, 37) . A flow chamber was positioned between two communicating vessels placed at different heights and containing the fluorescent particle suspension, to create a pulse-free flow by hydrostatic pressure. Fluid was recirculated with a roller pump between the vessels at the desired flow rate. Velocity patterns were obtained by capturing images over the height and width of the flow chamber by raising and lowering the motorized stage of the microscope or moving the stage sideward at a fixed focal depth, respectively. Particles travelling across the microscope field of view appeared as dashed lines and the velocity of a particle was calculated from the distance between the dashes and the time taken to scan the number of frame lines crossed by the particle. The time to scan one line was calculated from the scanning frequency of the CSLM and was corrected for the difference in location on the scanning line where the particle crossed this line. Images of slowly moving particles were captured using a 40× objective at a scan frequency of 100 Hz, while images of faster particles were captured at a scan frequency of 400 Hz.
Velocity profiles were determined using particle image velocimetry for flow chambers A and B at a flow rate of 0.050 ml s -1 , in order to validate the numerical simulation model. The numerical simulation model was considered to be valid when shear rates for the bottom plates, calculated by both methods, deviated less than 1%. . Flow velocities at a volumetric flow rate of 0.003 ml s -1 in different directions, as derived from numerical simulation for PPFC C as a function of the dimensionless -length (Fig. 3a) , at the center of the flow chamber (0.5 x h 0 and 0.5 x w 0 ) -width (Fig. 3b) , at the center (0.5 x l 0 and 0.5 x h 0 ) and -height (Fig.3c) , at the center (0.5 x l 0 and 0.5 x w 0 ).
Velocities in the direction of the channel (l) are indicated by •, while sideward (w) velocities are given by ▲ and velocity in the direction of the heigth (h) by ■. To determine more precisely the area over which flow is stable and established, an analysis was made of the velocity profile in the center of the PPFC as a function of the length, height and width of the flow chamber. As an example, such graphs are shown in Fig. 3 for PPFC C.
For a relatively low flow rate of 0.003 ml s -1 , there is no flow in the direction of the height over the length of the channel, while fluid flow in the direction of the length is constant over a major percentage of the channel length (Fig. 3a) . However, strong sideward velocities occur near the in-and outlet, indicating that the flow is established only between 0.4-0.6 ×l/l 0 . Fig. 3b shows that, at half height, fluid velocity is constant, although slightly a-symmetrical due to the in-and outlet design, over a major part of the width of the channel and only the areas close to the side walls show a decrease in velocity. Finally, Fig. 3c confirms that a parabolic Poisseuille flow develops over the height of the channel.
Velocity patterns as a function of the length, height and width of all flow chambers were further analyzed, based on the useful surface area, to obtain a comparison of the different designs. Fig. 4 presents the surface areas (normalized to the maximal surface area obtained with the lowest simulated flow rate), where a uniform flow had established and valid observations can be done, according to the conditions set above. At this point it should be noted that the dimensions of the bottom plates of the various flow chambers differ per design (see Table 1 ). PPFC A and B perform well, with valid observations feasible over almost the entire bottom plate of the flow chamber, for inlet velocity corresponding to flow rates up to 2.3 ml s -1 (shear rate 1200 s -1 ). PPFC B, stops performing well at a slightly higher flow rate Validation of numerical simulation by particle image velocimetry. Fig. 6 shows the fluid velocities in the center between the in-and outlet in PPFC's A and B (see Table 1 ) as a function of the dimensionless height (h/h 0 ), i.e. the ratio between the actual distance from the plate and the height of the channel, as determined by particle image velocimetry and finite element analysis. Both the measured and modeled velocity patterns are parabolic (R 2 > 0.97), as characteristic for laminar flow. Deviations between the measured and modeled patterns were minor (less than 5 %). In flow chamber A, the maximum velocity calculated from simulation at half height (0.5 x h 0 ) was lower than experimentally measured, whereas in flow chamber B, the velocities calculated from simulations were slightly higher than measured by particle image velocimetry. Although PPFC A has in-and outlet positioned under an angle, it still allows the largest range in shear rate to be used, due to the length of the channel. Herewith PPFC's A and B cover a wide range of the environmentally occurring shear rates (see Table 2 ). These PPFC's have been used most frequent for study of adhesion of medical strains on contact lenses, teeth, catheter materials, but they allow to model situations with higher shear. Except for PPFC C, used for study of biofilms in municipal sludge, in which the shear rate is limited to 2.4 s -1 , all PPFC's under investigation could be used at flow rates relevant to the oral cavity or other systems with low to moderate shear (see also Table 2 ). For situations with higher shear rates, such as in waterworks, urinary catheters or ship hulls, design features of the flow chamber become increasingly important.
In conclusion, this study shows that the geometry is critical in the design of a PPFC. The design highly affects the region for uniform flow and subsequently observation of microbial adhesion. In combination with the length available for establishment of flow, the inlet geometry determines whether a flow chamber can be used as a valid model to study bacterial adhesion for the problem under investigation.
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INTRODUCTION
Chapter 3 analyzes in detail the velocity profile in a number of parallel plate flow chambers, amongst which the one used in this thesis. In this appendix, we present a similar analysis for the stagnation point flow chamber (SPFC) as used in this thesis.
The SPFC (Fig. 1) was first described by Dabros and Van de Ven (4). It involves convective fluid flow toward a substratum surface instead of a parallel flow to the substratum as in the parallel plate flow chamber. The SPFC is mainly used to study deposition of salts, polymers and polyelectrolytes (5), colloidal particles (6) and bacteria (2) on filters or membranes. A great advantage of the SPFC is the high experimental accuracy, which was shown both theoretically and experimentally (7) . The number of particles deposited in this flow chamber can be determined by light microscopy (5), which at the same time constitutes a drawback of the SPFC since it necessitates the use of transparent substrata.
cross-section top view 
MATERIALS AND METHODS
The SPFC evaluated is presented in Fig. 1 
RESULTS AND DISCUSSION
The velocity profile in a cross-section of our SPFC is shown in Fig. 2 at a flow rate of 0.0088 ml s -1 , as mostly used in this thesis. A well-developed Poiseuille flow enters the flow chamber and in the flow chamber fluid velocities drop, due to greater volume available for the flow. At higher flow rates (>1.00 ml s -1 , not shown), adjacent to the inlet a vortex is formed. Fig. 3 compares between shear rates as obtained with particle image velocimetry, numerical simulation and Eqs. 3 and 4 at a flow rate of 0.0088 ml s -1 . The difference in the values obtained by particle image velocimetry and numerical simulation is small (on average less than 5%). The maximum shear rate as obtained by particle image velocimetry was 2.5 s -1 , whereas with numerical simulation a maximum shear rate of 2.8 s -1 was reached. The higher values obtained with particle image velocimetry as compared with numerical simulation may be due to an unavoidable inaccuracy in the setting of the roller pump. Values obtained by Eqs.
3 and 4 were within 5 % of the simulation values. The equation used in the experimental chapters resulted in a slightly higher shear rate, which is due to uncertainty in the value of the shape dependent factor. Standard deviations increase in the vicinity of the stagnation point, at the location where the velocity profile is steepest. At the stagnation point, there is a gradient of velocities present within one field of view, which implies that for an accurate determination of the shear rate the position for measurement has to be determined carefully.
In order to investigate whether the flow profile was symmetrical due to the fact that the flow chamber only possess one outlet, the shear rate was calculated on a line connecting the outer sides of the chamber crossing through the inlet and the outlet. At a low flow rate (0.0088 ml s -1 ), the shear rates on the outlet side of the inlet deviated up to 4.5 % from the values on the other side of the inlet. At higher flow rates the velocity-profile becomes more symmetrical. The highest shear rate achieved under laminar conditions (at a flow rate of 4.20 ml s -1 ) was 7000 s -1 at a distance of 1.2 mm from the center of the stagnation point.
Conclusively, the numerical simulation is a valuable tool to determine the present shear rate, especially peak values. This allows us to choose the hydrodynamic conditions as close as possible to the modeled situation. The SPFC should be used to study particle deposition in zones with stagnation point flow and it furthermore gives the opportunity to investigate deposition under a range of shear rates in one experiment. 
